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11.1   IntroduCtIon
Seralogical point-of-care diagnostic tests that are able to detect disease-causing 
viruses, bacteria, antigens, or prions are required for clinical diagnosis. Beyond 
blood serum, the development of robust and inexpensive protocols that can oper-
ate in widely varying environments (e.g., biological and physical) can prove even 
more challenging. Underpinning many conventional detection protocols that include 
enzyme-linked immunosorbent assay (ELISA) techniques is the use of biological 
antibodies due to their unique selectivity to target antigens. Being able to directly 
determine the binding status of these efficient molecular detectors through some 
form of electronic readout has become an active research area for lab-on-a-chip 
(LOC) applications.
Silicon nanowire devices, which are effectively low- (or one-) dimensional resis-
tive semiconductor channels, display conductance sensitivity to surface charges (and 
their resulting electric fields) due to their high surface area-to-volume ratio. When 
an external charge is in close proximity to the surface of the nanowire, it modifies 
the charge carrier distribution in the channel, which in turn substantially affects 
the electrical properties: conductance, quantum capacitance, and kinetic induc-
tance. Since it is also known that biological molecules can exhibit a net charge due 
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to ionized groups at pH values far from their isoelectric point, biomolecules attached 
to the surface of nanowires should be capable of influencing the electronic response 
of such a device.
Nanowire biosensors designed using this principle, namely, measuring changes in 
conductance, have been reported recently [1–12]. Gengfeng et al. recently reported a 
direct, real-time electrical detection of a single influenza A virus [12], while Hahm, 
Lieber, and Gao have demonstrated the use of a PNA probe to detect a particular 
DNA sequence with a limit of detection of 10 fM [1,9]. The methods reported in the 
literature are based upon direct measurement of the change in DC conductance of 
the nanowire due to the attachment of a molecule of interest to the functionalized 
surface. Unfortunately, measurements of small changes in conductance can be diffi-
cult and require sensitive, low-noise amplifiers and high-resolution, analog-to-digital 
converters. Very low-noise, low-frequency, and high-gain amplifiers are difficult to 
implement on small-geometry complementary metal-oxide-semiconductor (CMOS) 
processes because of the inherently high value of the low-frequency flicker noise [13].
Recent results on nanowire detection are presented here that indicate that silicon 
nanowires exhibit a frequency-dependent transfer function that resembles that of a 
high-pass filter. In order to better understand this response, we describe in this chap-
ter methods to model and simulate the frequency response of a three-dimensional 
silicon nanowire (SiNW) field effect transistor (FET) biosensor. We will show using 
these models that as biomolecules with a higher net charge attach to the nanowire, 
they displace more charge carriers within the nanowire channel, causing the corner 
frequency (i.e., the location of the 3 dB point of the transfer function) of the filter to 
decrease along with the conductance, quantum capacitance, and kinetic inductance. 
This property of silicon nanowires, which was first shown in [14], is further devel-
oped in this work to build a low-cost CMOS, frequency-based detection system.
In addition to simulating the device response, we also consider factors that affect 
the high-pass filter behavior of these nanostructures in addition to methods that could 
be used to help quantify the amount of the antigen present in the sample. Competitive 
versus captive antigen binding scenarios can also change the analysis paradigm from 
that of single positive detection to quantitative analysis, depending upon the clini-
cal need. Simulations in this work have shown, however, that competitive binding, 
which results in a high number of antibody/antigen attachments per unit time, gives 
rise to the frequency response of the device, and that the location of the corner fre-
quency of the high-pass filter varies with the average number of these attachments. 
Therefore practical realization of such a sensor requires the development of readout 
circuitry capable of processing the SiNW FET frequency-dependent characteristic in 
real time. Lastly, several CMOS circuit designs that could be used to determine the 
amount of charge attached to the nanowire are presented and discussed.
11.2   deVICe ConstruCtIon
Although many fabrication techniques exist for fabricating silicon nanowires, most 
are not compatible with planar CMOS fabrication processes. The top-down method 
[1], however, which results in the device being fabricated on a thin device layer atop 
a silicon-on-insulator (SOI) wafer, is compatible with CMOS fabrication processes. 
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The silicon dioxide insulator layer (buried oxide) is approximately 150 nm thick and 
provides both electrical isolation and a reduction in parasitic device capacitance. 
The top silicon device layer, which has a thickness of 50 nm, is phosphorus doped 
to a concentration of 1.0 e15 cm–3 to produce a semiconducting nanowire using low-
energy (<30 keV) ion implantation techniques. Photoresist, negative tone electron-
beam resist, and electron-beam lithography are used to fashion the nanowire (NW) 
structures on the top of the SOI, and the isotropic reactive ion etching technique 
is finally used to remove the nonmasked areas, leaving a fin structure as shown 
in Figure 11.1. The two contact ends of the nanowire must be further doped to a 
higher concentration of phosphorus, creating local n+ regions capable of producing 
near-ohmic contact to the metallic bonding pad on top. The next step involves per-
forming a rapid thermal anneal (950°C for 5 s) to activate the phosphorus dopants. 
Finally, metallic contact pads are deposited at the two ends of the nanowire to form 
the ohmic source and drain contacts, and these are spike annealed in forming gas. 
Antibody conjugation to the device surface is performed using procedures described 
in later sections in order to produce the chemical gate. Figure 11.2 illustrates the final 
nanowire design along with the simulated doping profiles.
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fIgure 11.1  Silicon-on-insulator (SOI)-based nanowires (40 nm in width and ~5 um long) 
fabricated using e-beam lithography followed by RIE etching.
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11.3   dC CHaraCterIstICs of an n-tyPe sInW fet
The sensitivity of the silicon nanowire is defined to be the ratio between the change 
and initial conductance S = ΔG/G0 [2]. When the drain-to-source voltage is constant, 
the sensitivity can be written as S = •I – I0•/ I0, where I0 is the current at zero charge 
and •I – I0• is the current change upon the attachment of charge to the nanowire sur-
face. Figure 11.3(c) shows the sensitivity versus substrate voltage with surface charge 
varied from –5 e to +5 e, where e is the fundamental unit of charge. It can be seen 
from Figure 11.3(b) and (c) that negative charges on the surface of an n-type silicon 
nanowire exhibit greater sensitivity than when positive charges are attached to the 
same surface. This result is in agreement with the nanowire field effect transistor 
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fIgure 11.2  (a) SiNW FET device structure material view. (The insets show a magnified 
view of the gate on the channel surface.) (b) Doping concentration view.
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MATLAB®* simulation of Nair and Alam [18], whose simulations were performed in 
air. In the same work, it was suggested that the device sensitivity should be reduced 
when the NW is in aqueous solution because of the high dielectric constant of water, 
which will reduce the depletion depth into the NW body [18].
* MATLAB® is a registered trademark of The MathWorks, Inc.
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fIgure 11.3  (a) SiNW FET device DC schematic. (b) I-V characteristics as a function of 
gate net charge. Substrate-source voltage is swept from –1 V to 2 V while drain-source bias 
is 1 V. (c) Device sensitivity as a function of gate charge.
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11.4   nanoWIre funCtIonalIzatIon ProtoCol
Protocols for functionalizing the nanowire can be found in [1,2,4–14,16,17]. In this 
work, the protocol for functionalization is shown in Figure 11.4 and is based on the 
method described in [15]. The functionalization of the nanowire surface is achieved 
by first thoroughly washing the device with a mixture of acetone and ethanol (1:1 
v/v). After drying, the nanowire is silylated using an aminosilane reagent (3-amino-
propyltriethoxysilane (APTES)). This step results in a nanowire surface that is coated 
with amine groups. A cross-linker (Sulfo-SMCC) is then applied to the silylated 
surface and activated with maleimide. Sulfhydryl groups are made available on an 
antibody by using Traut’s reagent, which reacts with primary amines (–NH2) present 
on the side chain of lysine residues of antibodies, creating sulfhydryl groups upon 
reaction with the maleimide-activated surface. The next step is to immediately cover 
the maleimide-activated surface with the modified antibody solution, which is then 
incubated for 2–4 h at room temperature for the antibody to covalently attach to 
the nanowire surface. The surface is then thoroughly rinsed with coupling buffer 
phosphate-buffered saline (PBS). After this step, the nanowire and antibody system 
is ready for use as a detection assay.
11.5   frequenCy-dePendent metHod 
for bIomoleCule deteCtIon
The DC change in conduction has been described for biomolecule sensing purposes 
[1]. Although the relative change in conduction can be large, the absolute conduc-
tance is small, requiring large amplification of the signal received across the nano-
wire. The resulting signal can be noisy and difficult to determine accurately.
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fIgure  11.4  Steps involved in nanowire functionalization. Processing of the nanowire 
surface in order to conjugate antibodies that function as chemical gates.
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In [14], an AC signal analysis method was employed to detect antigen-antibody 
bonding with the subsequent determination of antigen concentration. From the fre-
quency-based approach described, a signal was used to interrogate the device by 
sweeping from 10 kHz to many gigahertz while keeping the gate and source-drain 
voltage constant.
Figure 11.5 illustrates that both the amplitude (a) and phase (b) of the received 
signal versus frequency curves depend on the amount of charge attached to the nano-
wire. Furthermore, it can be illustrated that the corner frequencies in the amplitude 
plot correspond to those in the phase plot where the change in phase sign occurs. The 
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fIgure 11.5  SiNW FET frequency response as a function of gate charge. The nanowire 
has dimensions of 10 nm (W) × 10 nm (H). (a) Amplitude plot data of admittance. (b) Phase 
plot of admittance.
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actual corner frequency at zero charge can be determined once the nanowire device 
is fabricated. Then, when negative elementary charges attach to the nanowire sur-
face, this will result in a significant difference in the nanowire’s frequency response 
amplitude plot. We propose, therefore, that during the antigen detection process, by 
recognizing a shift in the corner frequency, the amount of negative charge on the 
nanowire surface can be determined once the nanowire is calibrated. The target 
antigen that is specifically bound by the antibody receptor on the modified surface, 
if detected, carries this charge.
To further study the frequency domain behaviors of silicon nanowire devices, AC 
signal analysis versus the nanowire device dimensions was performed. Sizes of 10 
× 10 nm, 30 × 30 nm, and 50 × 50 nm (width by height) nanowires were compared 
with other parameters, such as length, doping profile, and aluminum pads, which 
were kept identical. Figure 11.6 illustrates the frequency response of three SiNW 
FET devices with different dimensions (i.e., width by height). It can be seen that 
an increase in channel width and height leads to an increase in device admittance, 
although the nanowire’s high-pass filter behavior is retained. In addition, the change 
in the channel dimension also results in a change of the corner frequency of the 
transfer function. It can be seen from Figure 11.7 that while the charge varies from 
–1 e to –10 e, as the cross-sectional area of a nanowire increases, we observe less 
distinction in the corner frequencies, making it more difficult to distinguish between 
the amounts of attached charge.
Sensitivity in these devices is ultimately dependent on how easy it is to rec-
ognize the difference in measuring signal during detection [18]. In traditional 
DC methods, detection is based on observing the change in conductance. This is 
difficult, especially when the absolute change is too small due to a low concen-
tration of the target molecules, and requires sensitive low-noise amplifiers and 
high-resolution analog-to-digital converters, which is not ideal for low-cost and 
highly integrated systems. The frequency-dependent method of antigen detection, 
the task of discriminating the corner frequencies, seems to be closely located, as 
in Figure 11.6(c), and is straightforward as the difference is on the order of 100 
MHz. As can be observed in Figure 11.7, this task becomes less complicated as the 
dimension of the nanowire channel shrinks. As a result, it can be concluded that 
there is an inversely proportional relationship between the device’s sensitivity and 
its channel dimension.
Figure 11.7(a) also illustrates how the corner frequency varies as a function of 
attached charge and nanowire dimensions. Overall, with the same amount of charge, 
larger nanowire dimensions exhibit higher corner frequencies. It is also clear that at 
the lower end (i.e., smaller number of attached charges), corner frequencies linearly 
drop and diverge further as nanowire dimension gets smaller, making them signifi-
cantly easier to be distinguished. However, as more surface charge is applied, the 
corner frequencies saturate. Moreover, the frequency saturation regions, which are 
the regions in Figure 11.6 where more charge does not result in corner frequency 
change, depend on nanowire channel size. Figure 11.7(b) also depicts a graph that 
shows the slope of the high-pass filter for an n-type nanowire device as described 
in the simulations. This graph demonstrates that regardless of the device width and 
height, these nanowire devices have approximately the same slopes.
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fIgure 11.6  SiNW FET frequency response as a function of gate charge and nanowire 
channel dimension: (a) 10 × 10 nm nanowire, (b) 30 × 30 nm nanowire, and (c) 50 × 50 nm 
nanowire. In these simulations, the nanowire length is 2.2 µm.
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11.6   deteCtIon CIrCuIt
The circuit proposed in Figure 11.8 can be used to determine the amount of charge 
that is attached to the nanowire. The circuit shown transmits an up-converted I/Q 
signal through the nanowire, which itself introduces a frequency-dependent phase 
change depending on the amount of charge attached to the nanowire. The receiving 
circuit amplifies this signal and down-converts it to a low frequency that is then 
sampled by two analog-to-digital converters.
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fIgure 11.7  (a) Corner frequencies as a function of charge attached and nanowire dimen-
sion showing how the corner frequency drops at low charge but saturates as the charge 
increases. (b) Comparison of nanowire devices’ high-pass filter slope.
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This signal is then used to determine the phase change of the received signal rela-
tive to the transmitted signal. The charge is then determined by estimating the fre-
quency at which there is a 45° phase change. This approach has the advantage of 
permitting robust identification of the attached charge when compared to methods 
trying to determine changes of conductance at DC, as it makes multiple measure-
ments reducing the noise effect, but also avoids the need for accurate knowledge about 
the gain of the reception amplifiers. Here a ratio is used that is robust to low noise 
amplifier (LNA) amplification error. Calibration of the system is performed be apply-
ing a sample of known contribution. This would be done at the time of manufacture.
11.7   determInatIon of CHange of nanoWIre Parameters
The high-pass nature of the frequency responses revealed in Figures 11.5 and 11.6 
suggests that the system can be represented by the circuit depicted in Figure 11.9. 
As a result, system identification techniques [19] can be utilized to identify the asso-
ciated parameters (i.e., the conductance G, capacitance C, and inductance L) and, 
consequently, the corner frequency or phase change of the system. Together with the 
known frequency response properties obtained experimentally or through simula-
tion, this result enables one to determine the amount of gate charge, leading to the 
detection of the antigen attached to the nanowire.
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fIgure 11.8  A proposed detection circuit for the frequency-dependent method of biomol-
ecule detection.
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fIgure 11.9  Equivalent representation of the nanowire system.
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The system identification is based on measured current samples {i(n)} in response 
to a certain excitation voltage sequence {v(n)}. According to Figure 11.8, the transfer 
function of the system in the Z-domain is given by
 
I Z
V Z
b b Z
a Z a Z
( )
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+
+ +
−
− −
0 2
2
1
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21
 (11.1)
where
b0  = G
b2 = G/(LC)
a1 = G/C
a2 = 1/(LC)
The corresponding time domain expression of (11.1) is given by
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For an N-sample input sequence {v(n), n = 0, 1, …, N – 1}, the current (output) 
samples {i(n), n = 2, 3, …, N – 1} can be expressed in the following vector form:
 y = Hb
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The least-squares [20] estimation of vector b is accomplished via
 bˆ H y=
+
where ( )+ denotes the Moore-Penrose pseudoinverse. Note that by setting the initial 
condition i(0) = i(1) = 0, both H and y are known matrices. The estimation of vector 
b is accomplished via the following constraint least-squares minimization [20]:
 
ˆ arg min ,b H y b b bb= − ( ) = ( )∗ ( )b 2 4 2 3subject to 
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11.8   ConClusIons
In this chapter, silicon nanowires that are compatible with CMOS fabrication pro-
cesses have been described. It has been shown that these nanowires can be func-
tionalized by conjugating monoclonal antibodies to their surface in order to build 
sensitive biochemical sensors. It has also been shown that by using frequency-based 
signals, all the necessary components to interrogate these nanowires can be built on 
low-cost CMOS processes.
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